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ABSTRACT OF THE THESIS 

 

Effect of Resin Cure on the Stability of High-Quality 

Replicated Composite Mirror Surfaces 

 

by 

 

Geena Linn Ferrelli 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2017 

Professor Jenn-Ming Yang, Chair 

 

The development of lightweight optical mirrors is necessary for the next generation of large, space-

borne telescopes. There is increasing interest in replicated polymer-based composite mirrors due 

to significant reductions in areal density and cost over conventional polished glass mirrors. 

However, space telescopes have stringent optical requirements in addition to cost and weight. 

Although the quality of replicated mirrors have significantly improved over the last decade, limited 

data exists on the long-term stability where nanometer-scale dimensional accuracy is required. 

This thesis presents an analysis of the stability of high-quality (RMS ~ λ/20) replicated optics as a 

function of resin cure state to provide a fundamental understanding of factors contributing to 

polymer dimensional changes on the nanometer-scale. A UV-curable epoxy was used to identify 

critical processing parameters and correlate to the optical stability of replicated mirrors in thermal 

and hygroscopic environments.  
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1. INTRODUCTION AND BACKGROUND 

1.1. Motivation 

To understand the structure and evolution of the universe, the scientific community has 

identified a need for larger-aperture (10-15m) satellite mirrors over the next 20 years [1, 2]. The 

maximum diameter mirror that space vehicles can accommodate (3.25m) is insufficient for future 

scientific goals, necessitating a segmented mirror design and integrated technology [3]. These 

additions are heavy, imposing weight-constraints and requiring lighter-weight mirrors (areal 

density 15 kg/m2) [2]. Production schedules must be shortened to make future missions with large 

optics affordable. To meet all of these constraints, new materials and fabrication methods must be 

implemented to produce these large, lightweight mirrors while preserving the optical quality [1-

4]. 

In addition to cost and weight considerations, space telescopes have stringent optical 

requirements. Optical quality is characterized by two metrics; surface figure error and surface 

roughness. The surface figure error, or root-mean square (RMS), is defined as the deviation of a 

surface from its ideal [1, 3, 5]. These low spatial frequency surface errors cause conventional 

optical aberrations such as astigmatism and defocusing that degrade resolution [6]. NASA has 

identified a surface figure error of less than λ/20 critical for high-precision applications, where λ 

is the wavelength of interest. For optical imaging, λ is conventionally defined as 633nm. This 

correlates to a 32nm average deviation for high-precision optics [1, 3, 5]. The other metric of 

optical quality is surface roughness, which occurs in different spatial frequency domains. Surface 

roughness decreases both the image contrast and resolution, reducing imaging sensitivity of the 

optic [5, 6]. 
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 In this thesis, an alternative process for fabricating optical surfaces, epoxy thin-film 

replication, is discussed due to the potential to reduce production costs and time. Through 

replication, a high-quality optical surface is transferred to a polymer film supported by a carbon 

fiber composite. This method has been used for decades, but applications are limited by both the 

quality and stability of the resulting surface. Many engineering solutions and innovations have 

been recently employed to produce high-precision surfaces, but there is a lack of understanding on 

the optical stability.  

Due to the organic nature of polymers, the chains can move over time, temperature, and 

are environmentally reactive. For high-quality optics, variations on the nanometer-scale can 

significantly degrade optical quality, which causes aberrations and reduces image sensitivity over 

time, which is a concern unique to polymer mirrors [7-11]. There is limited knowledge of the 

magnitudes of variation, dominating mechanisms, and potential reversibility of the changes in 

different environments. This thesis presents a parametric study on the optical stability of replicated 

surfaces in hygrothermal environments to determine fundamental relationships between 

processing parameters and dimensional changes. 

1.2. Background 

1.2.1. Traditional Processing of Glass Optics 

Glass is historically the material chosen to fabricate optics due to its inherent material 

properties. The amorphous structure of glass allows the chemistry to be tailored in order to produce 

a low thermal expansion material [2, 4]. Coupled with its mechanical properties, the amorphous, 

isotropic structure of glass allows it to be ground and polished with high precision, removing 

smooth regions of material with no plastic deformation [2, 8]. 
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 Traditional grinding and polishing techniques have been used for decades to fabricate 

precision optics out of glass [12]. Aberrational and other errors can occur because grinding and 

polishing is subjective to the machinist and the tools change shape over time. Optics processed 

this way are limited to the quality of the master tool, but the invention of Magnetorheological 

Finishing (MRF) overcame these issues [13]. MRF is a sub-aperture polishing process that 

removes material in a predictable shear manner. Since MRF is fully automated, tasks are 

programmed by a computer and errors due to grinding and polishing can be corrected [8, 13]. 

While the brittleness and low fracture toughness of glass allow it to be easily polished, 

these characteristics are not beneficial to the final structure. To compensate for poor mechanical 

properties, glass space optics must be thick [4]. Stiffness is compensated for by increasing the 

glass thickness substantially, which contributes to a large mass and size [1, 2, 4]. Due to the size 

and weight constraints, material mechanical properties, serial method of fabrication, and 

processing cost and time, glass is not desirable for next generation, large-aperture optics [1-3]. 

The Hubble Telescope currently houses the largest space-based satellite mirror. This mirror 

is made from two pieces of Ultra-Low Expansion (ULE) glass bonded to a core honeycomb 

structure and is 2.4m in diameter. Compared to monolithic glass, the structure is light-weight, but 

the areal density is still significant (180 kg/m2). The primary mirror was polished to 12nm RMS, 

but production took significantly longer (6 years total) and was higher in cost ($1.5 billion) than 

estimated [2]. The areal density and production time and cost make this technology inadequate for 

future, large-aperture telescope needs [2, 4, 5]. 
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1.2.2. Alternative Materials 

To meet the increasing demand for lighter-weight and larger optics, alternative materials 

have been investigated as a replacement for glass. Criteria for material selection involve 

maximizing both the thermal stability (thermal conductivity/thermal expansion) and the specific 

stiffness (elastic modulus/density). Thermal stability is a mirror’s ability to rapidly equilibrate 

without dimensional distortion the specific stiffness correlates to the minimum areal density 

achievable by the system due to its mechanical properties [2, 14]. 

 The thermal and mechanical stability of several optical materials are plotted in Figure 1. 

According to the figure, CVD silicon carbide is a better material choice for large, lightweight 

optics than conventional glass due to an increased thermal and mechanical stability. While the 

technology has been demonstrated on small parts, the infrastructure for scale-up has not been 

proven. silicon carbide’s attractive mechanical properties also increase processing costs, and it was 

ultimately disregarded for the James Webb Space Telescope (JWST) primary mirror [2, 4]. When 

launched, the JWST will house the largest space-telescope mirror to date, containing eighteen, 

1.315m diameter segments. Beryllium was ultimately chosen as the mirror material due to its 

thermal stability and stiffness at cryogenic temperatures. When assembled, the mirror diameter is 

6.5m and the areal density is 24.6 kg/m2; a 5x areal increase but 7x density reduction compared to 

the Hubble Telescope [1-3, 14]. 
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Figure 1. Specific stiffness vs. thermal stability for optical materials. 

According to Figure 1, carbon fiber reinforced polymer (CFRP) composites exhibit 

superior thermal properties than both silicon carbide and Beryllium. For a structure of equivalent 

stiffness to the JWST, the areal density of silicon carbide and high-modulus CFRP mirrors is 34.8 

and 23.0 kg/m2, respectively. While the areal density of the theoretical CFRP mirror is reduced 

compared to Beryllium, there are additional engineering solutions to increase stiffness and further 

light-weight the system such as a honeycomb core. Compared to ULE glass, high-modulus CFRP 

composites have the potential to increase thermal stability by 10x and specific stiffness by 6x. 

Carbon fiber composites, however, cannot be easily polished, and must be processed through 

replication. Replicated composite optic technology, similarly to silicon carbide, is not developed 

to the degree necessary for the JWST [3, 9]. 

Though silicon carbide and Beryllium exhibit favorable material properties compared to 

glass, optics fabricated through traditional grinding and polishing is lengthy. The grinding energy 

required in the manufacturing of silicon carbide is significant due to its hardness [2]. Beryllium 

has a hexagonal crystal structure, making it anisotropic and complicated to polish [4]. While 
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budgeted at $1.6 billion and a launch date in 2011, the JWST mirror cost over $8 billion and will 

not be launched until 2018. Shorter fabrication schedules are necessary to lower operating costs 

and make future missions affordable [1]. Replicated CFRP composite optics have the potential to 

meet large-aperture mirror requirements due to both material properties and manufacturing 

method. 

1.2.3. Alternative Processing 

Replication as an optical fabrication method has processing advantages over grinding and 

polishing. Once a mandrel is manufactured, many identical copies of it are produced, which is 

difficult through conventional processing and beneficial for segmented mirror designs. Compared 

to grinding, this method of production has a shorter manufacturing time and higher volume output 

because many copies are made from the same master, decreasing cost [3, 5, 9, 12, 15].  

 The first optics fabricated via replication were made from bulk polymer structures and 

evolved as an inexpensive method to reproduce low-quality optics in the 1950’s. Several methods 

developed with varying degrees of cost, volume, size, and quality, which are summarized in Table 

1. Compared to conventional glass processing, bulk polymer replication is faster and cheaper, but 

the surfaces produced are of inferior quality and dimensionally unstable [9, 12]. 

Table 1. Comparison of optical fabrication methods. 

Method 
Output 

Volume (day) 
Component 

Cost ($) 
Size (mm) Optical Quality 

Glass: Grind + Polish 10-100 2-200 3-100 High - Excellent 

Casting 10-1000 0.50-50 25-200 Visual 

Injection Molding 100-10,000 0.05-10 3-50 Visual - High 

Compression Molding 10-1000 1-1000 25-1000 Visual - Good 



7 

 

 Carbon fiber composites exhibit optimal material properties necessary in the production of 

large optics (Figure 1) and can be fabricated through replication. Though more expensive than 

polymer molding, the mechanical and thermal behaviors are tailorable depending on the fiber 

choice and layup orientation due to the anisotropy [5]. To maximize in-plane properties, a quasi-

isotropic layup is used to mold replications in the pre-preg state. CFRP composites are thermally 

conductive along the fiber direction and have low or zero thermal expansion, mitigating thermal 

variations in the structure. The specific stiffness is high, and light-weight, large-aperture optics 

with these materials are a distinct possibility [5, 15]. 

 Replicated composite optics, though they exhibit superior mechanical and thermal 

properties, struggle to achieve the same surface quality as glass due to fiber misalignments and 

local ply thickness variations [3, 5]. CFRP replicated optics exhibit fiber print-through due to the 

anisotropic nature of a stiff carbon fiber and soft polymer matrix. Fiber print-through creates an 

unacceptable sinusoidal surface roughness when the fiber geometry is transposed to the replication 

surface. While the exact origin is unknown, it is speculated as a combination of cure shrinkage and 

CTE mismatch and causes severe resolution degradation [5, 15]. Studies were performed by 

Hochhalter to discover the origin of fiber print-through. Though he does not determine the root 

cause, he discusses the magnitude of the effect and co-curing a resin-rich layer on the laminate 

surface as a successful mitigation method [15]. 

1.3. Epoxy Thin-Film Replication 

1.3.1. Processing Overview and Background 

Epoxy replication, which was one of the earliest replication attempts to produce cheap 

diffraction gratings, is similar to co-curing resin on the surface of a CFRP composite. A thin epoxy 
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film is cured between a master surface and backing substrate. By depositing a thin resin film, the 

resulting structure exhibits the CFRP material properties but the optical quality does not experience 

limitations due to fiber print-through and inherent ply variations. 

The general fabrication scheme for epoxy thin-film replication is presented in Figure 2. A 

glass mandrel is coated with a release layer, the replicating resin is sandwiched between the 

substrate and master, cured, and separated at the resin-release layer interface, and finally the 

surface is coated with a reflective layer. Since replicated optics copy the surface of a master, the 

mandrel optical quality must be at least that of the desired surface. The release layer is critical to 

separating the replicating resin from the mandrel. If the coating is poor quality, the resin will adhere 

directly to the glass mandrel [16]. During separation, resin adhesion to the substrate is desired 

while adhesion to the mandrel is detrimental to optical quality. After separation, the replicated 

surface has high-optical quality, which relates to the coherency of the reflected signal, but not the 

intensity. A reflective coating is necessary to reflect all incident light, which maximizes imaging 

sensitivity [5, 6]. 

 

Figure 2. Schematic of replication process. 
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Originally, these replications were fabricated with metal release coatings, thermally cured 

resins, and metal substrates. The sputtered metal release layer diffused into both the mandrel and 

replication, enhancing adhesion between the layers. Separation was performed by thermal shock 

and CTE mismatch, which induced large strains and degraded surface quality. The mechanical and 

thermal properties were improved over glass with the use of metal substrates. Though the 

mechanical and thermal properties were improved over glass with the use of metal substrates, high-

quality optics were not produced by replication at the time due to a limited understanding of 

processing parameters that impacted surface quality [9, 12].  

Surface quality improvements were investigated through MRF polymer polishing. 

Polishing soft resin typically degrades the quality as abrasive particles get embedded and scratch 

the surface [8, 17]. Not only are soft materials hard to polish, but the MRF fluid can interact 

chemically with the polymer, which increases the complexity in processing. Improvements have 

been demonstrated in some instances; for example, the peak-valley (P-V) height of a PMMA 

replication was reduced from 1700nm to 19nm [17]. Though PMMA was successfully improved, 

the surface was reported unstable for ensuing hours, likely due to chemical interaction or 

absorption in the polymer. MRF is an effective polishing tool in certain polymer systems, but the 

interactions are complicated and success is not guaranteed [8, 17]. Due to the complication and 

increased processing time with post-polishing, a high-quality optic is desired directly after 

separation from the mandrel. 

1.3.2. Fabrication of High-Quality Replicated Optics 

To investigate nanometer-scale dimensional stability, it was necessary to first fabricate 

high-quality replicated optics (surface figure error ~ λ/20) without post-processing. The mold 
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release layer and backing substrate were critical in producing an exact replica of the mandrel for 

this thesis. 

 In order to produce a replication that is an identical copy of the mandrel, the release layer 

must be uniform on the nanoscale to preserve the optical quality of the mandrel while 

simultaneously discouraging adhesion. Self-assembled monolayers (SAM) were chosen as the 

mold release layer because they are inherently ultrathin (2-3 nanometers), provide uniform 

coverage, and tailorable bond strengths toward selected interfaces [16]. The molecules are 

composed of head groups that form two-dimensional laterally-crosslinked films after bonding to 

each other and the substrate, and tail groups that change the substrate surface behavior [18]. A 

significant challenge in using SAMs as a release coating is ensuring a microscopically uniform 

coating on a macroscopic surface. An in-depth study to optimize the SAM release layer is 

performed by Kim, Ferrelli, and Zaldivar in the Journal of Adhesion Science and Technology [16]. 

The ideal backing material for large-aperture optics was identified in Figure 1 as CFRP 

composites. Since the replication layer is thin and compliant compared to the composite, its 

mechanical behavior is controlled by the substrate. Several studies have stated that the surface figure 

error of a replication depends on substrate stiffness [5, 9]. A stiffer substrate is less sensitive to 

changes, such as flexure due to the weight of the mandrel or bending during the separation process. 

The selection of a high-modulus system as the optimal CFRP composite is due to higher specific 

stiffness coupled with the reduced thermal expansion over lower modulus systems.  

1.3.3. Stability Concerns in High-Quality Replicated Optics 

 Though replicated CFRP composite optics have significant material and processing 

advantages over conventional materials for large-aperture space telescope applications, they have 



11 

 

only been manufactured in development stages. Polymeric materials have not demonstrated the 

ability to retain a stable surface figure error where nanometer-scale dimensional changes may be 

catastrophic to the optical quality [19]. Not only have small dimensional changes not been 

predictable or demonstrated, but bulk state polymers often experience failure due to a lack of 

fundamental physical and chemical understanding [20].  

Polymer physical properties are extremely dependent on the chemistry and arrangement of 

the chains (side-groups, intermolecular bonding, degree of crosslinking etc.) which are related to 

processing parameters [21, 22]. For example, various processing methods produce parts with 

different residual stress states that relieve that stress to reach equilibrium. The process of relieving 

the stress, affects all of the polymer’s material properties, and manifests as a dimensional change.  

If a system has more crosslinks, it is more resistant to changes due to the limited conformations 

available. In addition to polymer changes due to time and processing, properties are dependent on 

external mechanical, thermal, and chemical environments [20].  

The thermal dimensional stability is often cited as the most important property limiting 

polymer use. Compared to conventional glass materials used in optical applications, polymers have 

a higher thermal expansion and narrower operational range. A resin cannot be used at a temperature 

above which it loses its stiffness because it is deformable under an applied stress and the 

dimensional stability is lost. The measurement of this temperature is not exact, occurring over a 

range with kinetic and measurement components. At a temperature below the transition 

temperature, polymers experience thermal expansion while retaining the mechanical integrity. 

Though the behavior is predictable, chains shift and rearrange during expansion, not necessarily 

returning to the original positions [20-22].  
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Similarly, polymers experience dimensional changes in hygroscopic environments that 

cause reliability concerns. Even though significant effort has been spent on understanding swelling 

and delamination for electronic applications, predictive models are not entirely successful due to 

the complex chemical relationships and discrepancies between measurement techniques. Some 

water molecules absorbed in the polymer are benign, residing in the free volume. Other molecules 

chemically interact with the polymer network, interrupting interchain bonding and modifying the 

structure irreversibly. These changes to the polymer network cause unpredictable swelling and 

dimensional changes on the nanometer-scale [23-25].  

Polymer behavior is characterized to understand the effect of resin processing and kinetic 

components on the macroscopic material properties. While research is performed on bulk 

polymers, little information is available on the nanometer scale polymer properties and their 

relation to dimensional stability. A fundamental understanding of the relationship of dimensional 

changes occurring on the length scale of polymer chains to external environments is critical to 

understanding mechanisms that control long-term optical stability of replicated optics. 

1.4. Outline of the Thesis 

This thesis presents an analysis of the stability of high-quality (RMS ~ λ/20) optics as a 

function of replicating resin cure state to provide a fundamental understanding of factors 

contributing to polymer dimensional changes on the nanometer-scale. Polymer stability is a 

complex time-dependent interaction between chemistry and physical behaviors. To better 

understand the interactions of polymer chemistry, physical properties, and nanometer-scale 

dimensional changes, high-quality replicated surfaces are fabricated with varying cure states. The 

behavior of the surfaces in thermal and hygroscopic environments is correlated to neat resin 

properties to better understand trends in nanometer scale dimensional stability. 
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 Chapter 3 discusses the replicating resin, a UV cured epoxy. For the polymerization 

reaction, optimal cure parameters are investigated with Modulated-DSC and cure kinetics with 

Real Time-FTIR. Processing parameters are varied to define different cure states. A full 

characterization of cured resin thermal and mechanical properties is performed using a DMA and 

TMA in Chapter 4. The physical properties are correlated to dimensional behavior of replication 

surfaces over time and temperature as a function of processing. In Chapter 5, the neat resin 

hygroscopic behavior is related to replication surface stability in humidity environments as a 

function of cure state. Processing parameters change the resin chemistry and provide insight to the 

unique hygroscopic behavior of polymers on the nanometer-scale dimensional changes in 

replicated optics. A comparison of the replicated optics fabricated in this paper are compared to 

conventional glass optics in Chapter 6. Conclusions and future work are discussed.  
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2. EXPERIMENTAL 

2.1. Materials 

High quality fused silica glass mandrels (surface figure error < λ/20) were purchased from 

Russell Optics and used for all replications. 

Two self-assembled monolayer molecules were used as the mold release layer that coats 

the glass mandrel. A primary perfluoropolyether monomer (PFPE) with a trimethoxysilane 

functional group on one end of the polymer chain was purchased under from Daikin and a 

secondary PFPE monomer molecule, 1H,1H,2H,2H-Perfluorooctyltriethyoxysilane (POTS) was 

purchased from McMaster Carr. Monolayer solutions prepared were 0.1 volume percent in a 

fluorocarbon solvent (3M Novec 7200). 

A one-part UV cured epoxy was chosen as the replicating resin and purchased from Loctite. 

Neat resin samples were fabricated and the properties characterized to correlate with replication 

behavior as a function of cure state, time, temperature, and environmental exposure. 

A cyanate ester pre-preg was used to fabricate CFRP laminates (K13C2U-RS3C system) 

for hygroscopic stability testing and contains approximately 60% fiber volume.  

2.2. Processing 

2.2.1. Replications 

In this investigation, replications were fabricated with two different substrates. During 

investigation of the replicating resin cure effect on quality and stability (Chapters 4-5), coupon-

level replica mirrors were fabricated on aluminum according to the schematic in Figure 3. The 

glass mandrels prepared for all replications were coated with a previously optimized SAM 

procedure [16]. 
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Figure 3. Schematic of coupon-level replication on aluminum. 

A small droplet of replicating resin (30mg) was applied between an aluminum substrate 

(2.5cm diameter) and the glass mandrel coated with an SAM mold release coating. The aluminum 

substrate was prepared by sanding with 240 grit sandpaper and rinsing with acetone. A uniform 

bond line was controlled with a shim (75μm thick), producing a replication approximately 2cm in 

diameter.  

The replications were separated in peel mode with the fixture shown in Figure 4. The 

replications are separated in peel mode to minimize plastic deformations during separation due to 

resin adhesion to the mandrel at pinhole defect sites. The fixture was placed in an Instron MN55 

Universal Testing Machine with a 500N load cell and the structure separated. 

 

Figure 4. Peel fixture to separate replications coupons on aluminum. 
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Replications on composite substrates were fabricated via the process shown in Figure 5. 

The replicating resin was sandwiched between the coated glass mandrel and substrate with a 75μm 

bondline. The replications were separated in peel mode, also shown in Figure 5. 

 

Figure 5. Schematic of CFRP replication fabrication and separation in peel mode. 

2.2.2. Replicating Resin 

A Dymax Bluewave QX4 Spot Curing System with 365nm Redicure LED head and 8mm 

aperture was used for UV curing. All resin was cured with the LED source at a distance of 2.5cm 

from the resin through fused silica glass. Different light intensities and durations were used to 

investigate the optimal exposure conditions.  

2.2.3. CFRP Composites 

The laminates were prepared with a quasi-isotropic (0, +45, -45, 90)8s layup and cured with 

the recipe summarized in Figure 6, in an ASC Process Systems 2x4 Econoclave Autoclave. Under 

vacuum (-14.7psig), the laminate was ramped to 250°F at 2°F/min. A pressure of 50psig was 

applied, the sample held at 250°F for 1 hour and then ramped to 350°F at 3°F/min. After holding 

at 350°F for 2 hours, the sample was cooled. 
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Figure 6. Autoclave recipe for CFRP laminate curing. 

Surface preparation of the composites prior to replication was performed using Multi Gas 

Vacuum Plasma to promote bonding between the CFRP and replication. Oxygen was used as the 

active gas below 520 mTorr vacuum level for one minute at 100W power.  

2.3. Characterization 

2.3.1. Optical Characterization 

All replication surface morphology measurements was performed with a Zygo Verifire 

Laser Interferometer with a 633nm wavelength and 0.06nm repeatability. The field of view (10cm 

diameter) was large enough to image the entire replication surface. All measurements were taken 

from the center 90%, excluding edge effects. The surface figure error was determined from the 

unfiltered image.  
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2.3.2. Replicating Resin – Cure Kinetics 

A Modulated Differential Scanning Calorimeter (M-DSC) was used to determine the 

optimal cure conditions by the UV source. Neat resin samples were cured with varying exposure 

times (1-10 minutes) and light intensity (4-400 mW/cm2).  Approximately 10 mg of cured resin 

was heated at an average rate of 3°C/min through the temperature range 0-300°C with amplitude 

of ±1°C over a period of 60 seconds. The optimal curing conditions were determined by a 

maximum glass transition temperature and minimum exothermic peak. 

After the optimal curing conditions were determined with M-DSC, a Real Time FTIR (RT-

FTIR) was used to monitor the cure kinetics of the UV cured epoxy. To simulate a replication, the 

resin was cured through a glass mandrel with a thickness of 75μm. The degree of conversion versus 

time was determined by analyzing specific chemical groups with a ThermoScientific Nicolet 6700 

FT-IR with a diamond ATR crystal. An initial scan of uncured and cured material indicated a 

disappearance of the oxirane group (914 cm-1) and appearance of ether linkages (1050-1150 cm-1) 

as polymerization occured. An internal standard peak not involved in polymerization is the phenol 

(C=C) group with a peak at 1606 cm-1 which was used for normalization.  

Table 2. Time delay between RT-FTIR scans. 

Step Time Between Data Scans Step Duration 

1 17 seconds 7 minutes 

2 1 minute 1 hour 

3 10 minutes 5 hours 

4 2 hours 18 hours 

5 Manual 20 Days 

Monitoring of the ultrafast polymerization reaction is conventionally followed using Real-

Time FTIR (RT-FTIR) Spectroscopy. A Real Time FTIR was not available, so a macro was written 
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in OMNIC Macros Basic to run FTIR scans when the majority of curing proceeds, followed by 

manual scans, which are summarized in Table 2. The macro analyzed the area of the standard 

(1589-1632 cm-1) and consumed peaks (883-949 cm-1). The manual scans were normalized over 

time by comparing to the uncured monomer. 

2.3.3. Replicating Resin – Thermal Properties 

The thermal properties of the UV cured resin were determine by the glass transition 

temperature and coefficient of the thermal expansion to explain behavior of the replicated optic 

surface. 

Thermal expansion testing was performed using a TA Instruments Q400 Thermo-

Mechanical Analyzer (TMA). Samples were prepared by curing through a glass mandrel 75µm 

thick and cut to 15mm length. The thin film specimens were held upright with a holder and tested 

using an expansion probe with 0.0010N of force over a temperature range -50-200°C at 5°C/min. 

The CTE below the glass transition temperature was measured over the range -35-35°C [26]. 

For glass transition temperature testing, neat resin samples were cured through a glass 

mandrel with a thickness of 0.5mm. The samples were cut into rectangles (15mm x 5mm) and 

smoothed with 240 grit sandpaper. The samples are tested with a TA Instruments Q800 Dynamic 

Mechanical Analyzer (DMA) in single cantilever mode from 25-200°C with a 5°C/min heating 

rate, 20µm deflection, 4mm span, and 1Hz frequency. The glass transition temperature was 

determined from the maximum of the loss modulus [26]. 

2.3.4. Replicating Resin – Mechanical Properties 

A TA Instruments Q800 DMA was used to determine the elastic modulus and explain 

behavior of the replicated optic surface. Neat resin samples were cured through glass and cut to 
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size (25mm x 6mm x 2mm). The samples were tested in a 3-point bend fixture with a strain rate 

of 10-4 s-1 and a 0.0010 N pre-load, producing a linear stress-strain curve where the slope was used 

to determine elastic modulus [26]. 

2.3.5. Replicating Resin – Hygroscopic Properties 

Thin-film replicated epoxy samples (2.5mm x 2.5mm x 75μm) were fabricated to monitor 

the hygroscopic behavior of the resin as a function of time and cure state. The samples were placed 

in controlled environments which were monitored with Omega OM-EL-USB-2-PLUS Portable 

Data Loggers that have an accuracy of ±2.0%RH [27]. 

 % Moisture Content =
MWet −  MDry

MDry
 𝑥 100% [1] 

Environments of 0%RH were prepared with dessicants containing Drierite to dry samples 

at room temperature. The mass was monitored with a Sartorius CPA225D scale (0.01 mg accuracy) 

until stable before hydration (100%RH environments) testing was performed. The moisture 

content as a function of time was calculated using Equation 1 [27]. 
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3. REPLICATING RESIN: PROCESSING AND CURE KINETICS 

3.1. Resin Selection: UV Cured Epoxy 

The criteria for optimal resin selection are a long working time and minimal residual stress 

caused by bonding to a substrate. In a bonded structure, residual stresses can cause surface 

deformations or delamination. The main contributions to residual stress are cure shrinkage and 

CTE mismatch between the resin and substrate. A long pot life is necessary in the production of 

large parts for alignment and other time-sensitive issues [9].  

Of various polymer crosslinking methods, UV curing is advantageous for replication 

because a network with a high degree of cure is produced with minimal thermal exposure that 

causes residual stresses to form. UV radiation curing of polymers is a method of solvent-free cross-

linking performed at ambient temperatures that achieves higher mechanical and thermal properties 

than thermally cured resins [28]. Additionally, radiation-initiated monomers have a long working 

time in the absence of strong intensity radiation, making UV cured resin the ideal choice for 

replicating resin [28-30]. UV cured resins are composed of three parts: a photoinitiator that absorbs 

photons from the radiation and forms a reactive species, a functionalized oligomer that composes 

the backbone of the polymer network, and a reactive monomer that also controls the viscosity [28, 

31]. Exposure to UV light simultaneously initiates all the photoinitiator molecules, resulting in a 

quasi-instantaneous conversion of liquid resin to solid polymer at room temperature [28, 29]. 

There are two main commercially available formulations of UV radiation-cured materials; 

free radical reactions of acrylates and cationic curing of epoxies. The most common type of UV 

cured materials are acrylates because the mechanism of free radical initiation has been understood 

for decades and properties of the resulting polymer are tailorable [28-30]. Due to oxygen 

inhibition, the reaction must be performed in a nitrogen environment, which increases expense and 
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limits mass-production appeal. In the 1970’s, Crivello discovered an alternative photoinitiation 

process to cure monomers such as epoxides that are insensitive to radical species, which is outlined 

in Figure 7 [29]. When exposed to UV radiation, onium salts are ionized and produce strong 

BrØnsted acids that initiate a cationic reaction with epoxides. Crivello optimized the cation species 

for maximum photosensitivity, anion species for optimal cure kinetics, and added chromophores 

to modify absorption wavelengths of the molecules to match the light-source [32, 33].  

 

Figure 7. Polymerization scheme of cationic initiated UV cured epoxy. 

Cationic-initiated UV cured epoxies exhibit lower shrinkage than acrylates, higher 

mechanical properties, and are characterized by a long working time. While fillers are a viable 

consideration because they decrease cure shrinkage and improve mechanical properties, they are 

detrimental to surface smoothness in replication applications [9]. Therefore, a UV cured epoxy 

was chosen as the replicating resin in this work. 

3.2. Cure Parameters  

Off-the-shelf formulations of UV cured epoxies are available with optimized cure 

efficiency and application-dependent properties. The only parameters affecting cure kinetics 

available to the user are radiation intensity and exposure duration, which are related to the 

photolysis of the photoinitiator [32]. As the photolysis initiation becomes more efficient, the initial 
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concentration of reactive groups ([M0]) increases, and consequently the rate of polymerization (Rp) 

as shown in Equation 2 [28]. 

 𝑅𝑝 = [𝑀0]
𝑑 %𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝑑𝑡
 [2] 

 Studies performed by Decker, Crivello, and Kloosterboer show a first order (linear) 

relationship between UV irradiation power and polymerization rate [28, 29, 32-34]. These studies 

also relate higher polymerization rates and longer exposure durations to increased monomer 

conversion, and ultimately, improved mechanical and thermal properties. Therefore, a higher 

intensity radiation source produces a network with a higher degree of cure [28, 34].  

Table 3. Optimization of cure parameters using modulated DSC. 

Exposure 
Time (min) 

Exposure Intensity 
(mW/cm2) 

Exothermic Peak 
Area (J/g) 

Glass Transition 
Temperature (°C) 

1 4 144 53.5 

1 200 142 53.8 

1 400 137 53.6 

4 400 124 56.3 

7 400 112 58.9 

10 400 112 58.8 

Preliminary testing to determine the optimal curing conditions with the UV source 

available on the replicating resin system was performed using a Modulated DSC, which separates 

reversible (glass transitions) and irreversible (thermally-induced exothermic curing) heat flow 

components. The optimal UV exposure condition was defined by a minimum exothermic peak and 

a maximum glass transition temperature. According to the summary table, Table 3, the optimal 

curing condition was a seven minute exposure at 400mW/cm2 because additional exposure does 

not increase the degree of cure. In the resin system used, the exothermic peak area was directly 
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related to the exposure duration and intensity, confirming the studies performed by Decker, 

Crivello, and Kloosterboer [28]. 

3.3. Cure Kinetics  

Understanding cure kinetics of the replicating resin is necessary for cure optimization and 

correlation with physical properties [35]. During UV curing of epoxies, the cyclic epoxide group 

undergoes a ring-opening polymerization facilitated by the BrØnsted acid to form a polyether, as 

demonstrated in Figure 8 [28, 32]. First, monomer cations form, which react with other monomer 

molecules to form macrocations. The reaction continues by adding monomer units to the 

macrocations to form a network polymer [22]. 

 

Figure 8. Conversion of epoxide to ether group. 

As a monomer is consumed during polymerization, the concentration of its functional 

group, and consequently the peak intensity on an FTIR scan, decrease. If the monomer peak is 

compared to an internal standard peak (a functional group that does not participate in the 
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polymerization reaction), the reaction can be monitored for any time (t) after UV exposure of the 

monomer (t0), as seen in Equation 3, called Real Time-FTIR [35-37]. 

 
% Conversion =  

(AreaConsumed/AreaStandard)𝑡

(AreaConsumed/AreaStandard)𝑡0
 x 100 

[3] 

An initial scan of uncured and cured material are run on an FTIR, Figure 9, for comparison 

and identification of the peaks of interest. The reactive epoxide group has a peak at 914cm-1 that 

is consumed during polymerization. These epoxide groups are converted to ether linkages during 

polymerization, which manifests as a growth in the convolution of peaks 1050-1150cm-1. As the 

resin cures, the decreasing peak area at 914cm-1 is followed to determine degree of conversion. 

The internal standard used is the phenol group carbon double bond (C=C) at 1606 cm-1 for 

normalization. The peak locations used in evaluation agree with other studies performed on UV 

cured epoxies [34]. 

 

Figure 9. FTIR scans of uncured monomer and cured polymer. 

Cure kinetics were desired for the exact cure conditions seen during replication and are 

detailed in the experimental section of this paper. A RT-FTIR was not available, so a macro was 

used to run FTIR scans continuously for the first few minutes when the majority of curing 

proceeds, then delayed scans for the next few days. The macro analyzed the area of the standard 

and consumed peaks, which were converted to degree of conversion and plotted versus time in 
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Figure 10. As shown in Equation 2, the rate of polymerization is proportional to the slope of the 

degree of conversion vs. time, which is also plotted on Figure 10. 

 

Figure 10. Degree of conversion versus time for UV cured replicating resin using 

RT-FTIR. 

Initially a large increase is seen in the degree of conversion. The sample is exposed to UV 

radiation according to the optimal curing conditions determined with Modulated DSC. 

Approximately 47% of the polymer is cured during exposure. The cure continues after exposure 

ends, which is a characteristic of UV cured epoxies and called a “dark cure” or “living character.” 

Dark cure accounts for an additional 16% conversion after exposure ends, ultimately reaching 63% 

conversion [28, 29, 34]. The dominating termination reaction of UV cured epoxies is a 

biomolecular reaction with a hydroxyl (-OH) group containing compound such as water because 

macrocations do not interact with each other [32]. 

Monomer diffusion through the polymer, not termination reactions, is the limiting agent in 

the final degree of conversion. This behavior is explained by the polymerization rate, which is 

plotted on Figure 10. After photoinitiation, the initial increase in conversion is called auto-



27 

 

acceleration, which occurs due to suppression in termination mechanisms with the increase in 

viscosity (0-3% conversion). A pseudo-plateau is reached in the polymerization rate at the 

maximum (3-25% conversion). As a solid forms, diffusion of the monomer species through the 

network dominates the polymerization rate (auto-deceleration 25-63% conversion) [29, 33, 34]. 

The cure stops due to early vitrification with residual, unreacted monomer still present in 

the network. Vitrification is the transformation from a liquid to glassy state when the glass 

transition temperature reaches the curing temperature. Early vitrification prevents UV cured epoxy 

networks from fully cross-linking because the curing reaction is essentially quenched as the 

mobility of the reactive groups are restricted and become diffusion-controlled [38]. Residual 

monomer content can vary in UV cured epoxies from 40-60% [34]. The residual content in this 

replicating resin was 37%, which agrees with experiments performed by many groups [29, 30, 34, 

36].  

According to Kloosterboer, further curing can be achieved by increasing the molecular 

mobility of the monomer species through elevated temperature [33]. After UV exposure and 24 

hours of dark cure, the replicating resin is exposed to a relatively low temperature (45°C). The 

degree of conversion is shifted to 72% with processing close to ambient temperatures, which does 

not induce CTE mismatch stresses. If the resin is exposed to high temperature (125°C) following 

dark cure, the maximum degree of conversion is 83%, defined by the maximum glass transition 

temperature and no exothermic peak on a modulated DSC curve. 
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Table 4. Degree of conversion for 3 cure states with varying temperature exposure. 

Cure State Degree of Conversion (%) Processing 

1 63 UV Exposure + Dark Cure 

2 72 UV Exposure + Dark Cure + 45°C 

3 83 UV Exposure + Dark Cure + 125°C 

The cure state of the same UV cured resin system can be dramatically changed with 

processing parameters. As UV irradiation duration and intensity increase, the rate of 

polymerization and consequently the degree of conversion in the polymer increase. Suppression 

of propagation mechanisms cause the reaction to halt, with little input from termination reactions. 

The mobility of reactive monomer species increases with thermal excitation, further increasing the 

degree of cure. 

Polymer physical properties are dependent on chemistry, structure, and processing 

parameters. Resin characterization from here on out is performed with Cure States #1, #2, and #3 

as summarized in Table 4. As mentioned in resin selection, high residual stresses due to CTE 

mismatch degrade the quality of replicated surfaces and no replications with Cure State #3 are 

fabricated due to the low surface quality. 
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4. REPLICATING RESIN: MECHANICAL AND THERMAL STABILITY 

4.1. Introduction  

Due to the tight dimensional tolerances required for high-precision optics applications, the 

stability of polymeric materials is a major concern. Nanometer-scale dimensional changes can 

result in optical aberrations forming over time, degrading the imaging quality. A lack of 

fundamental understanding of the mechanisms controlling long-term dimensional stability of 

polymers is one reason preventing integration in space applications [19, 39].  

Thermal performance is characterized by the glass transition temperature and the 

coefficient of thermal expansion, which limit operating temperature and describe the thermal 

stability of the chains, respectively [40]. Compared to glass, polymers have a higher thermal 

expansion and narrower temperature range. At relatively low temperatures (~100°C), the polymer 

loses all mechanical stiffness, which may contribute to surface quality degradation because the 

dimensional stability is lost.  

The resin thermal and mechanical properties were monitored for a period of three weeks 

for Cure States #1, #2, and #3 because they are sensitive to the degree of conversion [41]. The 

glass transition temperature, CTE, and modulus are measured and the trends are correlated to 

replication stability over time. The replications then underwent thermal exposures to determine 

trends in the thermal dimensional stability. While no replications are fabricated with Cure State 

#3, it is used as a reference for the maximum cure properties. 
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4.2. Replication Dimensional Stability vs. Time 

4.2.1. Replication Surface Stability 

 Replications fabricated with Cure State #1 were observed to change over time. The 

topographic maps, as shown in Figure 11, are not stable due to a mechanism of dimensional 

change. 

 

Figure 11. Surface figure error for Cure State #1 as a function of time. 

The replication surface immediately after separation is characterized by a central raised 

region. The area and magnitude of this high region decrease with time, the peak-to-valley and 

average deviations decrease, resulting in an improved surface figure. Quantitative changes to the 

surface figure error for replications with Cure States #1 and #2 are shown in Figure 12 for three 

weeks following fabrication.  
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Figure 12. Surface figure vs. time. 

A replication fabricated with Cure State #2 is stable over time, with no dimensional 

changes. On the other hand, the surface figure error of Cure State #1 changes with time for the 

first seven days. After seven days, the surface figure error stabilizes at a value 50% less than the 

original state. While the relative magnitude of change is large, this only correlates with a 16nm 

change in the root-mean square.  

The improvement in surface figure error of Cure State #1 is likely due to variations in local 

film thickness [9]. Shrinkage in thicker regions (center) is larger in magnitude than thinner regions 

(edges). The mechanism of shrinkage is investigated via resin mechanical and thermal properties 

and correlated to the surface changes. 

4.2.2. Correlation of Replication Stability to Resin Physical Properties 

Thermal expansion is controlled by the degree and nature of bonding between atoms and 

the polymer structure. Thermal excitations are large for dispersion forces and small for covalent 

bonds. As the degree of conversion increases, covalent bonding increases, and thermal expansion 
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decreases [22]. The thermal expansion also exhibits a sharp increase at the glass transition 

temperature because molecular mobility increases and the free volume expands in addition to 

molecular excitations [41].  

At high polymerization initiation rates, there is a fast conversion from liquid to solid and 

the system freezes in place with excess free volume. The system cannot maintain the volume and 

shrinks [29]. The natural process of volume reduction to reach thermodynamic equilibrium is 

called aging [41]. Due to high rates of polymerization for UV cured epoxies, excess free volume 

is initially formed, the polymer shrinks as it ages, and the CTE is reduced [29].  

 

Figure 13. CTE versus time for Cure States #1-3 from TMA. 

The CTE of Cure States #1, #2, and #3 are plotted versus time in Figure 13. The CTE of 

Cure States #2 and #3 are stable with time and marginally smaller than Cure State #1 due to higher 

degrees of cure. As predicted by theory, the thermal expansion of Cure State #1 decreases with 

time due to a combination of dark curing and free volume reduction. As dark cure proceeds, 

crosslinking and the number of covalent bonds increase. After 2 days, 98% of curing has occurred, 

but the CTE continues to change for an additional 5 days, indicating a contribution from physical 
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aging. Due to the high polymerization rate, excess free volume is immediately trapped in the 

system and decreases for 7 days to reach a more thermodynamically stable configuration. 

Contributions from both dark cure and aging reduce the CTE by 20% for Cure State #1 over a 

period of seven days.  

Physical aging causes changes in the mechanical and thermal properties due to polymer 

structural changes. The molecular mobility of chains is reduced as the free volume decreases, 

increasing stiffness and elastic modulus [38, 42, 43]. The glass transition temperature is the 

temperature at which a polymer softens from an amorphous solid and is defined as the minimum 

state necessary for molecular movement. Therefore, as aging causes a reduction in chain mobility, 

the glass transition temperature increases [44, 45].  

Polymer mechanical properties are sensitive to their chemical (curing) and structural (free 

volume) nature [46]. As the elastic modulus increases, the replicating resin is stiffer and more 

resistant to dimensional changes. The elastic modulus of the replicating resin was measured with 

a DMA and shown in Figure 14 as a function of time and cure state. 

 

Figure 14. Elastic Modulus versus time for Cure States #1-3 from DMA. 
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The elastic modulus as a function of time follow a similar trend as Tg for Cure States #1-3 

in Figure 14. Cure State #1 shows a relatively rapid increase in modulus during the first few days 

before slowing down after seven days. The elastic modulus for Cure State #1 changes over the 

same time scale as the CTE. The initial modulus value is 1GPa and increases to 3.05GPa (200% 

increase) after one week. Cure State #2 has a stable modulus (3.2GPa) slightly higher in value than 

Cure State #1 due to the higher degree of cure. The fully cured system, Cure State #3 has the 

highest elastic modulus (4.4GPa) due to its cure state. 

 

Figure 15. Sample DMA run that shows two distinct glass transition temperatures 

and step changes in storage modulus. 

The glass transition temperature is characterized by the maximum of the loss modulus 

determined from Dynamic Mechanical Analysis (DMA), which represents the temperature where 

molecular chains start to move more freely. The loss modulus (viscous behavior) and storage 

modulus (elastic behavior) plots from a representative DMA experiment are shown in Figure 15. 

At the glass transition, the storage modulus decreases dramatically and the loss modulus reaches a 

maximum. The epoxy is not completely cured under the given conditions, and we speculate the 

two transitions observed relate to regions that are under-cured (first Tg) and regions that are more 
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fully cured (second Tg). At the first transition temperature, some portions of the material start 

changing, which limits operational temperature range. The elastic modulus decreases by 50% 

above the first transition temperature, confirming the loss of some structural stability at that 

temperature. When the material is fully cured (Cure State #3), the two peaks converge to form one 

transition temperature [26]. 

 

Figure 16. Glass transition temperature versus time for Cure States #1-3 from 

DMA. 

The evolution of the first Tg for Cure States #1-3 was monitored for a period of three weeks 

after sample preparation in Figure 16. The transition temperature of Cure State #1 is 41.5°C 

immediately following UV exposure and increases to 60°C after one week, where it remains stable. 

The increase in glass transition temperature during the two days by 30% is attributed to dark curing 

by the epoxy, during which the crosslinking reaction continues and the degree of conversion 

increases by 14.5%. The glass transition temperature from days 2-7 increases by 15%, during 

which the degree of conversion changes by only 1.5%. The Tg increases dramatically over this 

time period due to physical aging. 
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The Tg of Cure State #2 is higher than #1, at 79°C. The additional 30% gain is due to 

heating at a relatively low temperature and is stable with time due to a combination of dark cure 

and thermal exposure. A complete cure of the epoxy, Cure State #3, has the highest glass transition 

temperature at 121°C, which is also stable [26]. 

Due to the disparity in time in which changes to the physical properties and degree of 

conversion take place in Cure State #1, it is evident there is another mechanism causing changes 

to the replicating resin besides curing. Changes to the CTE over 7 days indicate reductions in free 

volume due to physical aging is present. Physical aging causes increases in the elastic modulus 

and glass transition temperature due to decreased molecular mobility. The time period that physical 

aging occurs is directly related to the surface figure error, and is likely the cause of volume 

shrinkage causing replication dimensional changes. Cure State #2 replications do not experience 

physical aging or a change in cure state over time, and consequently are dimensionally stable. 

4.3. Replication Dimensional Stability vs. Temperature 

Though the effects of physical aging stop after seven days in Cure State #1, the resin is not 

at thermodynamic equilibrium. Physical aging proceeds toward the equilibrium configuration but 

is limited prior to reaching that state by chain mobility. Complete structural equilibrium can only 

be achieved through thermal aging [42, 43, 47]. Montserrat [43] investigated the extent of aging 

with time and temperature. He found by thermal aging at a temperature Tg - 10°C, it was possible 

to reach the equilibrium configuration.  

The replications in Section 4.2.1 are exposed to increasingly higher temperatures for one 

hour each, followed by surface imaging (45-145°C). Since neither Cure State #1 or #2 are fully 

cured, they are heated in a serial manner at intervals of 10°C to gradually increase the glass 
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transition temperature and thermally age the resin. A summary of the surface figure error changes 

after the replication is cooled to room temperature are shown in Figure 17. 

 

Figure 17. Cure States #1 and #2 surface changes with temperature. 

The glass transition temperature of Cure State #1 before any thermal exposure is 60°C. The 

surface figure error is stable below this temperature. Heating at low temperatures for short periods 

was not sufficient to increase the glass transition temperature ahead of each serial heating step and 

the surface changes dramatically as that temperature is exceeded. The observed surface distortion 

is a result of rapid free volume change due to further cross-linking of the replicating layer and 

thermal expansion. The coefficients of thermal expansions are 120 x 10-6 (1/°C) and 62 x 10-6 

(1/°C) above and below the glass transition temperature, respectively. Thermal strains above the 

Tg are twice as large as below, causing the major surface changes in Cure State #1. The 

dimensional changes halted at 125°C when full cure was achieved and no crosslinking reactions 

occurred in the thermally expanded state. Due to the high expansion when the crosslinking 

occurred, the replication did not return to the original surface state. 
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Higher temperature stability is expected for a resin with a higher degree of cure due to the 

elevated glass transition temperature. The surface figure error of the Cure State #2 replication 

decreases with temperature exposure as summarized in Figure 17. Thermal aging is performed 

successfully on this replication. Before heat treatment, the glass transition temperature was 80°C. 

The method of serial heating increased the glass transition ahead of the thermal exposure. This 

resulted in a gradual decrease in surface figure error starting at 95°C and continuing through 

125°C. Crosslinking reactions occurred below the glass transition temperature, where the CTE 

mismatch strain is half that of above, not causing surface distortion. Above 125°C, the surface 

figure error was stable because the resin is fully cured. All thermal expansion was homogenous 

and the replication returned to its original surface figure error. 

 

Figure 18. Surface figure for Cure State #2 as function of temperature. 
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The topographic images of the Cure State #2 replication are shown in Figure 18. The 

evolution of the surface looks remarkably similar to the physical aging of Cure State #1 shown in 

Figure 11. The central region starts raised and gradually decreases in magnitude until the 

replication is flat, likely due to free volume reduction in localized thickness differences. The 

benefit of thermally annealing the replication is increased thermal stability (increase in glass 

transition temperature) as the surface figure error decreases.  
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5. REPLICATING RESIN: HYGROSCOPIC STABILITY 

5.1. Introduction and Considerations 

Polymers are reactive organic molecules that are sensitive to environmental changes, and 

hygroscopic dimensional changes have been identified as a much larger and unpredictable source 

of error than thermal changes. CFRP composite environmental stability has been well 

characterized on the microscopic and macroscopic level, but very little information is available on 

composite nanometer changes or the contribution of the replication epoxy [19, 39]. Cyanate ester 

matrix composites (low-moisture absorbing) undergo a hygroscopic dimensional change 

equivalent to 100°C thermal change due to outgassing in vacuum [19]. The replicating resin 

absorbs significantly more moisture, which is related to its chemistry, structure, and cure state. A 

quantitative assessment of the hygroscopic behavior of replication surfaces as a function of cure 

state is necessary to better understand surface accuracy at the nanometer level. 

5.2. Neat Resin Hygroscopic Properties 

5.2.1. Ideal vs. Non-ideal Absorption 

Unlike optical glasses, polymers absorb water, which has been shown to contribute to 

replicated optic surface instability. Absorption of water molecules can alter the dispersion forces 

between polymer chains, changing the molecular structure, causing dimensional change, reducing 

the glass transition temperature, altering the thermal expansion, and causing a loss of adhesion [24, 

41].  The thermal performance is degraded by moisture absorption through a reduction in operating 

temperature and chain stability [41]. Moisture transport in polymers occurs via two modes; 

diffusion through the free volume and hydrogen bonding of molecules to the polymer backbone 

[23-25]. Moisture diffusion in polymers has been widely studied and two common moisture 
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absorption profiles are shown in Figure 19. In most cases, diffusion is assumed constant, and Fick’s 

second law governs the process [23]. 

 

Figure 19. Fickian and Non-Fickian theoretical moisture absorption curves versus 

time. 

Diffusion of water molecules through the free volume dominates in Region I because the 

mechanism is much faster than hydrogen bonding. For a sample behaving in an ideal Fickian 

manner, the water absorption will plateau when the free volume is full (M∞). The coefficient of 

diffusion for a thin sample of infinite length can be calculated with the simplified Equation 4, 

where L is sample thickness and Mt/√t is the linear slope in Region I [23-25].  

 D =  (
πL2

16M∞
2

) ( 
𝑀𝑡

√t
)

2

 [4] 

Undercured epoxies contain uncured epoxide monomer and hydroxyl (-OH) groups. These 

reactive groups hydrogen bond with water molecules diffusing into the polymer network. This 

results in swelling of the network, exposing additional active bonding sites and causing deviations 

from the ideal Fickian absorption curves. The molecules are difficult to remove without heating 
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above the glass transition temperature. Moisture transport via hydrogen bonding is slower than 

diffusion, but starts to dominate the absorption behavior in Region II [23-25]. The foundation of 

excellent adhesive properties in epoxies is the presence of polar hydroxyl groups. Delamination 

can occur through moisture exposure, as the hydroxyl groups hydrogen bond more weakly to water 

molecules than to other polymer chains [41].  

5.2.2. Effect of Cure State 

In order to better understand the effect of cure state on hygroscopic properties, a series of 

neat resin specimens were fabricated for Cure States #1-3 and the mass monitored in different 

environments. Resin samples were hydrated at 100%RH after initial drying out. The moisture 

content was monitored with time in Figure 20. Cure State #3, the fully cured state, absorbs moisture 

in an ideal Fickian manner, reaching an equilibrium absorption content. The undercured states (#1 

and #2) exhibit Non-Fickian behavior after the initial stage of absorption. The deviation from 

Fickian behavior increases with the amount of undercuring, which is characteristic of unreacted 

monomer and water interactions [27]. 
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Figure 20. Moisture absorption-desorption behavior versus time for versus time for 

Cure States #1, #2, and #3. 

After the samples absorbed moisture for a given time, they were placed in a 0%RH 

environment and the mass was monitored as a function of time. Each cure state sample reaches a 

stable saturation level during desorption. For the fully cured state, there is no residual moisture left 

in the sample after drying. The absorption is completely reversible and occurs via the free volume 

of the epoxy. This agrees with Fickian absorption model. However, the undercured samples have 

a residual moisture content related to molecules bound via hydrogen bonding. As the degree of 

cure increases, the residual moisture content decreases [27]. 
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Figure 21. Moisture absorption curves for subsequent cycles of hydration for Cure 

State #1. 

After desorption, Cure State #1 samples were hydrated again to determine the effect of the 

initial absorption-desorption process, i.e., preconditioning. Hydration and dehydration were 

performed four times in Figure 21. There is a nonzero residual content for the undercured states 

and these bound molecules alter the network by interrupting interchain bonding and increasing the 

free volume of the system. Polymer-hydrogen bonding to water molecules displaces the stronger 

dispersion forces with other chains, decreasing the cohesive bonding of the network and causing 

swelling [24]. Region I diffusion occurs more quickly (steeper slope in Region I) with each 

subsequent hydration due to the creation of additional free volume. However, the deviation from 

Fickian behavior in Region II decreases with each cycle, reaching equilibrium in Round #4 because 

all of the accessible hydrogen bonding sites are full [27]. 
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Figure 22. Deviation from Fickian behavior for (a) Cure State #1 and (b) Cure State 

#2. 

The theoretical Fickian model can be separated from the experimental Non-Fickian data 

assuming diffusion through the free volume occurs much more readily than hydrogen bonding and 

bound molecules cannot be removed from the network, [23, 24]. The deviation of the absorption 

data from ideal behavior is plotted in Figure 22 as a function of time for Cure States #1 and #2. 

Because free volume diffusion is faster, all of the initial absorption is reversible and the onset of 

irreversible bonding can be determined. Cure State #2 absorbs moisture reversibly more than four 

times as long as Cure State #1. The fully cured state, Cure State #3, is not shown in Figure 22 

because the moisture absorption does not deviate from ideal Fickian absorption.  [27]. 

As the cure state increases, the sample absorbs less total moisture, behaves more Fickian, 

and the moisture absorbed is reversible. While irreversible moisture absorption decreases with 

resin degree of cure, a fully cured state with only reversible Fickian behavior is not possible for 

high-quality replicated optics due to CTE mismatch stresses [27].  

5.3. Replication Hygroscopic Stability 

5.3.1. Long-Term Humidity Exposure Reversibility 

To better understand how the observed mass changes translate to surface quality, 

replications were fabricated for Cure States #1 and #2 to evaluate the environmental dimensional 
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stability, Figure 23. Both samples had similar starting surface figure error values. The samples 

were first dried (0%RH) for seven days before exposure to humid (100%RH) environments. After 

two days in the humid environment, the surface figure error of Cure State #1 had increased by 58% 

as the center area was raised out of plane. The Cure State #2 specimen was much more stable. The 

surface did not change through seven days in high humidity and exhibited only a small degree of 

surface figure error increase (24%) after 12 days. In comparison, the Cure State #1 sample deviated 

by 145% during the same exposure period [27].  

 

Figure 23. Long-term hygroscopic exposure effect on surface and reversibility. 

These relative changes are related to the moisture behavior of neat resin previously shown 

(Figure 22). Cure State #1 deviates from Fickian absorption approximately 60% earlier than Cure 

State #2. It is speculated that absorption in the polymer free volume does not induce swelling, and 

dimensional changes are not significant until Non-Fickian absorption begins. Therefore, Cure State 
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#2 replications are stable in humid environments for more than 4x as long as Cure State #1.   The 

longer it takes for this deviation to occur, the more stable the system [27].  

The same replicated mirrors were dried after 12 days at 100%RH humidity. All 

dimensional changes to Cure State #2 were fully reversible. The optical quality of Cure State #1 

replication did not fully recover, although the surface figure error is similar to the initial dry state. 

The height distribution looks very similar on the before and after topographic images, but 

pronounced horizontal striations are visible after. The irreversible dimensional changes are 

characterized by an 80% increase in the magnitude of fiber print-through, which relates to large-

angle scatter and resolution degradation [27]. 

5.3.2. Short-Term Humidity Cycling 

The short-term reversibility and stability of both cure states is also of interest. New, high-

quality replications were fabricated and cycled through dry (0%RH) and humid (100%RH) 

environments. The surface figure error of the replications are shown in Figure 24. 

 

Figure 24. Short-term hygroscopic cycling effect on surface figure error. 
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Moisture-induced dimensional changes in Cure State #1 and #2 replications are fully 

reversible with short-term exposures. The surface error of Cure State #1 increases by 100% 

between the environments, but always returns to the original. On the other hand, Cure State #2 is 

stable throughout the entire test, which reduces unpredictable dimensional changes caused by the 

different environments it might be subjected to.  

The hygroscopic stability of epoxy replications, while documented as the largest source of 

dimensional error, has not been quantified or investigated in a parametric study. In this thesis, we 

show the nanometer scale changes are a function of replicating resin cure state and chemistry. The 

coefficient of moisture diffusion is related to free volume, and Cure State #1 absorption occurs the 

fastest because it has the most free volume (shown via CTE Figure 13). Water absorbed by Cure 

State #1 was also permanently bound to the network due to reactive chemical groups on the 

backbone present in less quantity as the degree of cure increases. Though hygroscopic stability 

increases as function of cure, a fully cured system degrades replication quality.   
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6. CONCLUSIONS AND FUTURE WORK 

6.1. Summary of Results  

Replication has both processing and materials selection advantages over traditional 

grinding and polishing, making replicated CFRP composites an ideal choice for future, large-

aperture optics. Epoxy-film replication can manufacture many copies of the same mandrel at a 

fraction of the processing time and cost as grinding and polishing glass. CFRP composite 

substrates produce lighter-weight and more mechanically stable optics than conventional glass, 

with the added benefit of thermal conductivity. Though there are many benefits to replication, 

fabrication is complex and there are many steps contributing to surface quality which are discussed 

elsewhere [16, 26, 27]. After the production of high-quality optics (surface figure error < λ/20), 

this thesis investigated the effect of replicating resin cure state on nanometer scale dimensional 

stability. 

 A UV cured replicating resin was selected due to its low shrinkage and high mechanical 

and thermal properties achieved with room temperature curing. The degree of cure was tailored 

with UV irradiation and thermal exposure. Due to the fast vitrification of UV cured epoxies, 

physical aging occurs, which manifests as a volume shrinkage over time. On high-precision 

replicated optics, this can cause an improvement in surface figure error by 50%. We showed that 

thermal cure prevents dimensional changes over time due to the lack of physical aging. 

 We demonstrated the thermal operational range of a replication is limited by the glass 

transition temperature and resin cure state. This thesis shows that all replications are stable under 

the glass transition temperature. However, when crosslinking reactions occur above the transition 

temperature, thermal strains are twice as large as below and induce major dimensional changes 

(100%) when they return to room temperature. If all crosslinking occurs below the Tg, we show 
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that the replication is stable above the transition temperature because thermal expansion is 

homogenous. We also demonstrate surface figure error improvements due to thermal annealing. 

 Hygroscopic dimensional stability of replications is cited as the largest source of unknown 

dimensional error. We showed that the nanometer-scale changes are a function of replicating resin 

cure state due to the variations in chemistry and microstructure. As the cure state increases, the 

free volume and concentration of unreacted monomer groups decrease, causing respective changes 

in the moisture absorption speed and reversibility. This thesis demonstrates moisture-induced 

dimensional changes occur more slowly, are more reversible, and are smaller in magnitude as the 

replicating resin cure state is increased. By increasing curing temperatures from 25°C to 45°C, 

surface figure changes did not immediately occur, were reduced from 145% to 24% after 12 days, 

and were completely reversible. 

In general, the thermal and hygroscopic stability of replications improve with replicating 

resin cure state. However, it is not always possible to fabricate a high-quality replication with a 

fully cured replicating resin due to CTE mismatch strains that degrade optical quality. There is an 

optimal cure state that maximizes both optical quality and optical stability. 

6.3. Future Work 

Though the replicated mirrors fabricated in this thesis were of high-quality and have several 

advantages over conventional glass optics, ongoing research is performed to evaluate the long-

term stability of replicated optics for space applications. Gamma exposure and cryogenic behavior 

are of-interest to space environmental stability. Nano-fillers are considered to decrease the 

hygroscopic response.  
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